ABSTRACT: The trophic position and the predator-prey relationship between the sperm whale Physeter macrocephalus and the jumbo squid Dosidicus gigas were examined by measuring stable isotope ratios of carbon and nitrogen. Skin samples of sperm whales and muscle samples of small and large jumbo squid were collected between 1996 and 1999 in the Gulf of California. Gender determination through molecular analysis and field identification of size were used to identify adult male, female and immature male sperm whales. The stable isotope ratios of C and N of females and immature males were significantly different from those of adult male sperm whales; however, between females and immature males they did not differ significantly. The δ 13 C and δ 15 N values of females and immature males were higher than large jumbo squid by 1.1 ‰ and 2.7 ‰ respectively, suggesting a predator-prey relationship between them. A low isotopic interannual variation among the years 1997 to 1999 was observed in the isotopic signature of females and males. Adult males exhibited a lower isotopic signature than females and immature males, and did not show a trophic relationship with D. gigas. We hypothesized that the stable isotopic signature of mature males reflected their diet from an earlier high-latitude feeding ground. This study shows that stable isotope analysis of sloughed skin samples from free-ranging sperm whales can be an alternative method to stomach content and fecal analyses for evaluating trophic relationships.
INTRODUCTION
Top predators are key indicators of the productivity level and state of ecosystems. Knowledge of their trophic role, including the degree of interannual variation, is essential for understanding their ecology. The sperm whale Physeter macrocephalus is one of the top predators in the mesopelagic ocean (Rice 1989) . It preys mainly on mesopelagic and bathypelagic cephalopods (Okutani & Nemoto 1964 , Clarke 1980 , Kawakami 1980 . In general, the diet composition of sperm whales may include a large variety of food items, which may reflect the abundance and diversity of the potential prey inhabiting a region (Berzin 1971 , Kawakami 1980 . However, in some oceanic areas sperm whales appear to feed primarily on a specific prey. In the Humboldt Current, the jumbo squid Dosidicus gigas (Ommastrephidae) has a high frequency of occurrence in the diet of sperm whales (Clarke et al. 1988 , Clarke & Paliza 2000 . The jumbo squid is endemic to the eastern Pacific (Nigmatullin et al. 2001) , and it is an important fishery resource in the Humboldt Current and in the Gulf of California, Mexico. Because of the co-existence of sperm whales and jumbo squid in the Gulf of California, a potential predator-prey relationship has been suggested (Vidal et al. 1993) . However, the diet composition of sperm whales in the Gulf of California remains largely unknown.
Studying and understanding the feeding ecology of sperm whales is difficult, due to the sampling limitations associated with both sperm whales and squid. Analysis of prey remains obtained from the stomachs of hunted and stranded sperm whales has been the main method for investigating diet composition and obtaining data about the distribution, relative abundance and biology of many deepwater cephalopod taxa (e.g. Clarke 1983 Clarke , 1986 . Fecal analysis has also proven to be useful in investigating the diet of freeranging sperm whales (Smith & Whitehead 2000) . Although both stomach contents and fecal analyses have provided valuable information about the food types consumed by sperm whales, some important methodological limitations make the interpretation of the results debatable (see Clarke 1980 , 1985 , Clarke et al. 1988 , Pascoe et al. 1990 , Smith & Whitehead 2000 , Clarke & Paliza 2001 .
Over the past 2 decades, the analysis of carbon and nitrogen isotope ratios (δ 13 C and δ 15 N) has been a tool in ecological research. The natural abundances of stable isotopes in animal tissues reflect the average isotopic composition of the animal's assimilated diet (DeNiro & Epstein 1978 , 1981 , Rau et al. 1983 , 1992 , Minawaga & Wada 1984 , Wada et al. 1987 , Fry 1988 , Hobson & Welch 1992 , Hobson et al. 1994 . Thus, the technique has been used to understand the trophic ecology of marine mammals. However, most tissue samples have been obtained from hunted, stranded and captive marine mammals, which limits our ability to infer the feeding habits of free-ranging individuals. Recently, the measurement of stable isotope ratios from skin samples obtained by directed biopsy of cetaceans at sea has provided an alternative means of investigating the dietary habits of free-ranging animals (e.g. Todd et al. 1997 , Gendron et al. 2001 , Hooker et al. 2001 . The nitrogen isotopic composition of marine fauna is an indicator of trophic position (Fry 1988) , whereas carbon isotopic composition reflects the sources of primary production (Rau et al. 1992) . In this study, a combination of δ 13 C and δ 15 N was used to identify the relative trophic position of sperm whales.
We quantified the stable isotopes of C and N in skin samples of free-ranging sperm whales from the Gulf of California in order to evaluate potential differences in trophic position as a function of sex and level of maturation. In some oceanic areas, it has been shown that adult male sperm whales have a tendency to feed on larger prey than juveniles and females (e.g. Clarke 1980 , Clarke et al. 1988 . We tested the hypothesis that mature male sperm whales have higher stable isotope signatures, indicative of feeding at a higher trophic position, compared with females and juvenile males. Another objective of this study was to find out if the jumbo squid Dosidicus gigas is preyed upon by sperm whales in the Gulf of California.
MATERIALS AND METHODS
Tissue sampling. Sloughed skin samples were collected from free-ranging sperm whales in 1996 (n = 1), 1997 (n = 2), 1998 (n = 9) and 1999 (n = 22) in the Gulf of California. Sighting data, GPS position and the number of individuals in each cluster, following Whitehead & Arnbom (1987) , were recorded. Tail-fluke photographs (black and white, ISO 400) were taken for individual identification in order to avoid sampling the same animal more than once. However, it was not possible to photograph all individuals. Sloughed skin samples of sperm whales were collected in the slick of the sperm whale during surfacing period using a small dip net (30 × 20 cm; 1 mm mesh). Biopsy samples (n = 7) from free-ranging sperm whales were available from a collection made by the Regional Fishery Center (Centro Regional de Investigación Pesquera: CRIP), Mexico, in the Gulf of California in August of 1997. Skin samples (n = 2) collected from a stranded adult male sperm whale in January 1993 and a stranded sperm whale of unidentified sex in November 1999 were also included in the study (Fig. 1) .
Large jumbo squid were collected in 1996 and 1997 in the Gulf of California (27°17' N, 112°09' to 113°09' W). Small jumbo squid were collected in March 1999 (25°12' N, 110°49' W). Mantle length was measured on every squid collected. A small portion of muscle tissue from the oral area was removed for isotopic analyses and stored frozen at -4°C.
Genetic analyses. All skin samples of sperm whales were stored in an aqueous solution of 20% (v/v) dimethyl sulfoxide (DMSO) saturated with sodium chloride (Amos & Hoelzel 1991) . Skin samples of sperm whales were used to determine gender mainly through amplification of the SRY region (Richard et al. 1994) . Variation in the regions of zinc fingers of the X and Y chromosomes (Bérubé & Palsboll 1996) and the restriction method based on the region of zinc finger (Rosenberg & Mesnick 2001) were also used to confirm the sex of each individual. Sperm whales are strongly sexually dimorphic (Rice 1989 ) and adult males can be easily identified in the field. We identified 6 free-ranging adult males, all with a posteriori DNA confirmation. The remaining 35 free-ranging individuals were identified genetically. All individuals were categorized as follows: (1) adult males, (2) females (immature and/or adult individuals) and (3) immature males. No skin samples were obtained from calves. Gender determination failed for 11 skin samples; the individuals from which they were obtained were, therefore, classified as non-differentiated sperm whales. This latter group consisted of females (both adult and immature) and/or immature males, but did not include adult males. The sperm whale stranded in November was included in the latter group.
Stable isotope analysis. Lipids tend to be depleted in 13 C (DeNiro & Epstein 1977 , Tieszen et al. 1983 ) relative to whole-tissue samples, thus low δ 13 C values would be expected for samples with high lipid content. Therefore, our tissue samples were freeze-dried and the lipids were removed following sonication using a mixture of chloroform and methanol (1:1) (modified technique from Bligh & Dyer 1959). As DMSO does not appear to alter the δ 13 C values in lipid-extracted skin samples of humpback whales, and sonication is an effective method for DMSO removal (Todd et al. 1997) , only minor effects from DMSO are expected in the skin samples of sperm whales. All squid and sperm whale samples were subsequently dried and ground into a homogeneous fine powder. Duplicate skin samples were analyzed only for sperm whales, except for the stranded adult male. Analyses were carried out using an Optima isotope ratio mass spectrometer interfaced in continuous flow to a Carlo Erba Elemental Analyzer (NA-1500 CNS). The δ 13 C, δ 15 N and C:N ratio were obtained for each sample. Isotope ratios are expressed in standard notation: δ 15 N or δ 13 C = [(R sample /R standard ) -1] × 1000, where R sample and R standard are the ratio of 15 N/ 14 N or 13 C/ 12 C in the sample and standard (V-PDB for carbon and atmospheric air for nitrogen), respectively. Ammonium sulfate (IAEA-N2) provided by the National standards and Technology Institute (NIST) was used as a standard for nitrogen and NBS22-OIL for carbon. The typical long-term external precision obtained by repeated analyses of primary standards is better than ± 0.2 ‰, for both δ 13 C and δ 15 N. Statistical analysis. Average values of δ 13 C, δ 15 N and C:N were obtained from the duplicate samples analyzed for each individual whale. Relationships between C:N and each stable isotope ratio of jumbo squids and sperm whales were analyzed by using correlation coefficients. Comparisons of the δ 13 C and δ 15 N of mature male, female and immature male sperm whales were performed using a 1-way analysis of variance (ANOVA). Tukey's post-hoc test was used to identify significant differences among groups. Due to the lack of immature males in 1997 and mature males in 1997 and 1998, as well as the limited number of skin samples from females (n = 1) in 1998, we were not able to analyze our data to evaluate isotopic differences on a year-specific basis. However, the isotopic values for 3 categories for which sufficient samples were available (females, immature males and those for which sex could not be established) were compared among the years 1997 to 1999 using a 1-way ANOVA to evaluate the existence of interannual differences in isotopic composition. The relationship between squid mantle length and each stable isotope ratio was analyzed by using the correlation coefficients. Isotopic signatures among large and small jumbo squid were compared using a Student's t-test. This data was obtained from a parallel study that evaluated the feeding habits of jumbo squid in the Gulf of California using stomach content as well as stable isotope analysis in muscle and beak tissues (Ruiz-Castro 2002) .
RESULTS

Sperm whales
The C:N ratios (mean ± SD) for all free-ranging sperm whales -females (n = 15; 3.11 ± 0.11), immature males (n = 10; 3.2 ± 0.10), non-differentiated (n = 10; 3.3 ± 0.11) and adult males (n = 6; 3.6 ± 0.3) -did not show a significant relationship with each stable isotope ratio (r 2 = 0.4, p < 0.001 for δ 13 C and r 2 = 0.2, p < 0.01 for δ 15 N). Duplicate sloughed skin samples (n = 35) were consistent (mean ± SD) in both δ 13 C and δ 15 N values by 0.2 ± 0.15 ‰, while duplicate biopsy samples (n = 7) showed a consistency (mean ± SD) of 0.15 ± 0.05 ‰ for (Fig. 2) . Free-ranging adult males had significantly lower δ 15 N values (by ca. 2.5 ‰) than females and immature males (Tukey's: p < 0.05 for all comparisons). Carbon isotope values showed more variation among groups, but free-ranging adult males showed significantly lower isotopic values (by 2.5 ‰) than females and immature males (ANOVA: F 2, 28 = 92.3, p < 0.05; Tukey's: p < 0.05 for all comparisons) (Fig. 2) . Although immature males showed a slightly higher mean δ 15 N (by 0.4 ‰) than females ( Fig. 2) , no significant differences were observed in both C and N stable isotope values between females and immature males (p > 0.05). The stable isotope ratios of the stranded immature individual (δ 13 C = -14.23 ‰ and δ 15 N = 19.18 ‰) and the adult male (δ 13 C = -18.0 ‰ and δ 15 N = 14.6 ‰) were lower than those for free-ranging sperm whales (Fig. 2) . The δ 13 C (ANOVA: F 2, 32 = 0.9, p > 0.05) and δ 15 N (ANOVA: F 2, 32 = 1.0, p > 0.05) of females, immature males and non-differentiated individuals did not show a significant difference between years, although there was a tendency toward higher δ 15 N values (ca. 0.4 ‰) in the sloughed skin from females, immature males and non-differentiated individuals in 1998 and 1999 compared with the biopsy and sloughed skin collected in 1997 (Table 1) .
Jumbo squid
The mantle length (ML) of small Dosidicus gigas ranged from 20 to 28 cm (mean = 23.8 ± 2.8 cm, n = 8), while large squid ML ranged from 38 to 83.5 cm (mean = 63.4 ± 15.1 cm, n = 10). There was a progressive increase in both C and N isotopic values (r 2 = 0.9, p < 0.001) with increasing ML (Table 2 ). The C:N averages for small (3.2 ± 0.04) and large (3.1 ± 0.03) jumbo squid were consistent, inferring that they were biochemically comparable. Both δ 13 C (r 2 = 0.4, p < 0.01) and δ 15 N (r 2 = 0.3, p ≤ 0.01) did not show a significant relationship with C:N ratios. The carbon and nitrogen isotope ratios of large and small squid showed significant differences (t-test value for δ 13 C = -5.5, and t-test value for δ 15 N = -7.8, p < 0.001). The large squid were more positive in δ 13 C and δ 15 N by 1.3 ‰ and 2.2 ‰, respectively (Fig. 2) .
Comparison of sperm whale and jumbo squid isotopic composition
Similar C:N averages for both jumbo squid (n = 18, 3.1 ± 0.05) and sperm whales (n = 42, 3.3 ± 0.2) were obtained. The stable isotope signatures of all female and immature male sperm whales (mean ± SD: δ 13 C = -13.8 ± 0.4 ‰; δ 15 N = 19.6 ± 0.6 ‰) were enriched relative to large jumbo squid by 1.1 ‰ and 2.7 ‰ for δ 13 C and δ 15 N, respectively, whereas the trophic enrichment between females and immature males relative to small jumbo squid was 2.4 ‰ for δ 13 C and 5 ‰ for δ 15 N (Fig. 2) . As there was a progressive increase in isotope values with ML, we established ML classes to determine a more precise trophic relationship between sperm whales and jumbo squid ( Table 2) . The mean δ 13 C enrichment value of female and immature male sperm whales relative to ML classes (n = 6) of jumbo squid ranged from 0.4 to 2.4 ‰, whereas the mean enrichment value for δ 15 N ranged from 1.6 to 5.1 ‰ (Table 2) . Carbon isotope values of mature males were more negative compared with those of both small and large jumbo squid (Fig. 2) . Free-ranging mature males were 2.5 ‰ and 0.2 ‰ higher in δ 15 N relative to small and large jumbo squid, respectively, whereas the stranded mature male was lower in δ 15 N than small and large squid (Fig. 2) 
DISCUSSION
Our study supports the use of stable isotope analysis of sloughed skin samples from sperm whales as a complementary non-invasive method with which to make inferences about the diet of free-ranging individuals. The isotopic analysis of metabolically inactive tissue such as skin is likely to reflect the diet of individuals only during the period of growth (Hobson & Clark 1992a , Hobson et al. 1996 . There is no data available with which to estimate the skin growth of sperm whales, but the epidermal turnover rate of other odontocetes could be a point of reference. In beluga Delphinapterus leucas (St. Aubin et al. 1990 ) and the bottlenose dolphin Tursiops truncatus (Hicks et al. 1985) , the suggested total time required for cell migration from the basal lamina to the outermost surface is 70 to 75 d. The skin of sperm whales is thicker than that of other odontocetes (Rice 1989 ). Although we cannot assume that these rates are directly applicable to sperm whales, these estimates can improve the interpretation of isotopic data for this species. We suggest that the epidermal turnover time for sperm whale skin may be at least 75 d and probably longer due to their thicker skin when compared with smaller odontocetes.
The similarity between the stable isotope signatures of female and immature male sperm whales suggests that they assimilated a diet of equivalent composition (Fig. 2) . These results are in agreement with previous stomach content studies of sperm whales caught in South Africa (Clarke 1980) and in the southern Pacific (Clarke et al. 1988) . In these areas, females and immature males ingested a similar variety and size of prey. In our study, both the δ 13 C and δ 15 N values of predators (females and immature male sperm whales) showed a positive isotopic discrimination of 1.0 ‰ and 2.7 ‰, respectively, relative to the potential prey -large jumbo squid (Fig. 2) . These values are in agreement with the estimated average trophic level enrichment for animal tissues relative to their diet. The stable carbon isotope ratio shows an isotopic discrimination of about 0.8 to 1.0 ‰ per trophic level (DeNiro & Epstein 1978 , Fry & Sherr 1984 , contrasting with 2.6 to 3.4 ‰ for the δ 15 N discrimination between predator and prey (Minagawa & Wada 1984 , Wada et al. 1987 , Fry 1988 and by an average of ca. 3.3 ‰ when consumers are raised on a high-protein diet (McCutchan et al. 2003) . Because the difference in the isotopic composition of females and immature males relative to small Dosidicus gigas (Fig. 2,  Table 2 ) falls outside the expected overall trophic level enrichments for both δ 13 C and δ 15 N, our results suggest that small squid were probably not an important part of the sperm whale diet compared with large jumbo squid that appeared to be their principal prey item. However, if we increase the range of values from 2.5 to 5 ‰ for δ 15 N trophic shift enrichment, then female and immature male sperm whales may have consumed a broader range of jumbo squid sizes (from 27 ± 0.9 cm ML to 66 ± 0.9 cm ML)( Table 2) . Although sampling other potential dietary items of sperm whales in the Gulf of California was desirable, the results of this study fulfill the initial objective of evaluating the trophic relationship between sperm whales and jumbo squid.
The observed differences in δ 13 C values (ca. 1 ‰) between small and large jumbo squid were associated with distinct feeding locations rather than seasonal variation, while the size-related change in δ 15 N reflected an increase in trophic position. The former was revealed from a parallel study that showed a similar progressive increase of δ 13 C and δ 15 N values in muscle and beak tissues with a corresponding sizerelated increase in jumbo squid (Ruiz-Castro 2002) .
The predator-prey relationship between sperm whales and jumbo squid has been shown previously in other oceanic areas. In the SE Pacific, jumbo squid occurred in 99% of the stomachs of approximately 2000 sperm whales hunted between 1959 and 1962 (Clarke et al. 1988 ). In the Gulf of California, the only direct evidence that indicates jumbo squid as prey of sperm whales comes from squid beaks of Dosidicus gigas (from 48 to 78 cm ML) and Ancistrocheirus lessueurii collected in the stomach of an immature male sperm whale stranded in the southwestern part of the Gulf (Ruiz-Castro 2002, R.I. Ruiz-Castro, U. Markaida unpubl.). The stable isotope ratios in muscle (δ 13 C = -15.5 ‰ ± 1.0 and δ 15 N = 16.3 ‰ ± 0.6) were estimated by using jumbo squid beaks collected from the stranded sperm whale (Ruiz-Castro 2002 Table 2 . Dosidicus gigas. Stable isotope values (mean ± SD, in ‰) from different mantle length classes (n = 6, mean ± SD), and the corresponding mean stable isotope enrichment of female and immature male sperm whales relative to the mantle length classes of jumbo squid similar to those of large jumbo squid from the present study (Table 2) . Analysis of stomach contents from sperm whales caught in the SE Pacific showed that sperm whales fed on larger jumbo squid than those caught by the squid fisheries (Clarke et al. 1988 , Clarke & Paliza 2000 . The size distribution of the squid caught by the fishery off Peru had a primary mode at 35 cm and a secondary mode at 75 cm ML, whereas the jumbo squid collected from sperm whale stomachs showed a single mode at 75 to 85 cm (Clarke & Paliza 2000) . In the Gulf of California from 1995 to 1996, the sizes of jumbo squid with the highest catch rates were estimated at 29-33, 53-57, and 65-71 cm ML (Morales-Bojorquez & Martínez-Aguilar 2001). Considering these catch rates, and assuming a trophic enrichment of 1 ‰ for δ 13 C and 3‰ for δ 15 N, it appears that females and juvenile sperm whales tended to feed on Dosidicus gigas of 66 ± 1.9 cm ML (Table 2) . Therefore, a possible overlap in resource competition is suggested between sperm whales and the commercial fishery of squid in the Gulf of California.
The low variation in both δ 13 C and δ 15 N values between female and juvenile sperm whales sampled between 1997 and 1999 suggests that they fed on dietary items from the same regional food web (indicated by the similar δ 13 C values) and at a similar trophic position (indicated by the δ 15 N values) during those years (Table 1) . These results suggest that female and immature sperm whales remained in the Gulf of California, and they were able to continue feeding on large Dosidicus gigas in 1998 despite the El Niño Southern Oscillation (ENSO) conditions that prevailed in that year. In the Galapagos, the foraging success of sperm whales, estimated by defecation rates, had a strong negative correlation with ENSO conditions (Smith & Whitehead 1993 , Whitehead 1996 . In areas and years of low food abundance, migration is suggested to be the principal strategy when sperm whales face a decreased food supply (Whitehead 1996) . In the Gulf of California, the relative abundance of sperm whales remained similar between 1998 and 1999, while the distribution pattern and foraging effort of sperm whales changed significantly in those years (Jaquet & Gendron 2002 , Jaquet et al. 2003 . In addition, dramatic changes in the abundance and distribution of jumbo squid were observed during 1998. Apparently, the jumbo squid migrated southward toward the mouth of the Gulf of California, where a fishery was established in uncommon areas (MoralesBojórquez et al. 2001 ). In the same year, sperm whales apparently increased their foraging effort, for example, diving for longer periods than in 1999 (Jaquet et al. 2003) , perhaps because the jumbo squid were distributed in deeper waters.
The stable isotope ratios of adult male sperm whales were significantly different and unexpectedly lower than those of females and immature males (Fig. 2) . In addition, mature males did not appear to show a trophic relationship with Dosidicus gigas. The isotopic differences (adult males versus females and immature males) suggest differences in their diet composition. This result is in agreement with other studies based on stomach content analysis. In British Columbia, Canada, the diet of sperm whales differed significantly between sexes: females fed more frequently on North Pacific giant squid (Moroteuthis robusta), whereas males fed on rockfish (Sebastes spp.) and dogfish (Squalus acanthias) (Flinn et al. 2002) . Nevertheless, we expected to find higher stable isotope signatures for adult males compared with those of females and juveniles, as their prey is generally larger. For example, stomach content remains have revealed that large male sperm whales ingest larger sizes of similar prey than females and juveniles (Clarke 1980 , Clarke et al. 1988 , Best 1999 .
Few other stable isotope signatures for sperm whale tissues have been reported. In the North Atlantic, the stable isotope ratios measured from the muscle of a sperm whale were -22.8 ‰ for δ 13 C and 11.1 ‰ for δ 15 N (Ostrom et al. 1993) . These values as well as the isotopic signature in liver (δ 13 C = -18.4 ‰ ± 0.3 and δ 15 N = 13.2 ‰ ± 0.6) and muscle (δ 13 C = -19.0 ‰ ± 0.9 and δ 15 N = 14.6 ‰ ± 0.6) of stranded sperm whales in the North Sea (Das et al. 2003) are lower than those of adult males in the Gulf of California. Additionally, the stable isotope ratios from a single tooth of a sperm whale, in which sequential dentin layers were analysed, showed that both δ 13 C (-12.1 to -13.8 ‰) and δ 15 N (18.1 to 16.1 ‰) tend to become lower with age (Walker & Macko 1999) . Our results are consistent with this finding because the sloughed skin samples from immature males were higher in both δ 13 C and δ 15 N composition compared with those from mature males (Fig. 2) . Thus, it seems that the decreasing isotopic values from male sperm whales could be a result of agerelated change in their feeding grounds.
A remarkable characteristic of sperm whales is their strong sexual segregation in both distribution (Rice 1989 ) and social organization (Whitehead et al. 1991) . In general, mature males inhabit high latitudes, almost to the edge of the pack ice (Rice 1989) , and are believed to migrate seasonally to tropical waters (Best 1979) . In contrast, females and their offspring are found mostly in tropical and subtropical waters (50°N to 40°S, Pacific Ocean) (Rice 1989 ) and range over distances of approximately 1000 km (Best 1979 , Dufault & Whitehead 1995 . Globally, sperm whales have a higher fish intake in waters of high latitudes than in waters of low latitudes (Kawakami 1980 , Rice 1989 ). In the NE Pacific, sperm whales fed predominately on fish rather than squid along the Gulf of Alaska and in the eastern Bering Sea (Okutani & Nemoto 1964) . Therefore, if mature males were in a high-latitude feeding ground before entering the Gulf of California, they would have a different stable isotopic signature in their tissues as a result of their geographic diet composition. Differences in the turnover rates of particular tissues determine the length of time that animals moving between isotopically distinct food webs can retain information from previous feeding locations (Hobson & Clark 1992a) . At high latitudes, marine phytoplankton show lower δ 13 C values than at lower latitudes (Rau et al. 1982) . Similar δ 13 C latitude-related isotopic variation is reflected in consumers like squid (Takai et al. 2000) and nearshore-and offshore-foraging pinnipeds (Burton & Koch 1999) , while the δ 15 N in squid tissues reflects the local nitrogen metabolism rather than a latitudinal isotopic gradient (Takai et al. 2000) . Therefore, if a mature male migrates in a direct route from the Gulf of Alaska (55°34' N and 140°13' W), around the Baja California Peninsula of Mexico, and finally to the central part of the Gulf of California (28°30' N and 112°02' W), this example of long-distance migration (ca. 6142 km) would take approximately 68 d (calculation based on a travelled distance of 90 km d -1 in a straight line movement when females and immature sperm whales face low feeding success; Whitehead 1996 , Jaquet & Whitehead 1999 . This migrating time is shorter than the epidermal turnover time estimated for smaller odontocetes, such as beluga and bottlenose dolphins (75 d). Thus, it might support the idea that the sloughed skin of mature males retained the stable isotopic signatures from a high-latitude feeding ground.
Another aspect that may imply variations in the stable isotope ratios in sperm whale tissues could be the fasting condition experienced during a long-distance migration. The storage of energy as a fat layer enables whales to cope with the energetic cost of migration and drastic changes in food supply (Lockyer 1987) . As mature male sperm whales migrate from cold waters to tropical breeding grounds, they may suffer decreased feeding opportunities, which may require them to fast for extended periods and thus depend on their accumulated lipids. During fasting or nutritional stress, a depletion in 13 C and 15 N may occur in tissues if adipose reserves are used preferentially as an energy source in animals with excess fat deposits (i. e. polar bears, Polischuk et al. 2001) , or an increase in 15 N may result when catabolism of the body's proteins are the energy source (Hobson & Clark 1992b , Polischuk et al. 2001 . Therefore, the isotopic signature in tissues of whales with a large-scale migration might vary from the initial high-latitude feeding ground as a result of fasting.
In addition, the stable isotope signatures were lower in both the stranded adult male and the undifferentiated individuals compared with those for the freeranging adult male and non-differentiated sperm whales, respectively (Fig. 2) . Emaciation could be an indicator of sickness, starvation or any other unhealthy condition, which is commonly observed in stranded animals. Because stranded animals have an unknown cause of death, their stable isotope signature could reflect an abnormal diet.
CONCLUSIONS
Sperm whales were extensively hunted worldwide during the last 2 centuries, yet only a few studies have evaluated the differences in diet composition as a function of sex and level of maturity during the same season and within the same oceanic area (e.g. Clarke 1980 , Clarke et al. 1988 , Best 1999 , Flinn et al. 2002 . This study provided a new non-invasive methodstable isotope ratios from sloughed skin -to infer the relative trophic position and prey relationships of free-ranging sperm whales. The method is useful for evaluating temporal and spatial variations in the diets of sperm whales, and could be applicable for other cetaceans. Further investigation of the seasonal and inter-annual variation of sperm whale skin as a function of sex and level of maturity will provide a better understanding of the feeding ecology of this species. Future determination of the stable isotope fractionation from the skin of cetaceans and muscle tissue of prey items such as fish and squid will provide a more precise indication of predator-prey relationships and ultimately enable us to investigate trophic structure and relationships in the pelagic realm.
